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Abstract. A comprehensive strain hardening and fracture characterization of different grades of boron steel blanks has 
been performed, providing the foundation for the implementation into the modular material model (MMM) framework 
developed by Volkswagen Group Research for an explicit crash code. Due to the introduction of hardness-based 
interpolation rules for the characterized main grades, the hardening and fracture behavior is solely described by the 
underlying Vickers hardness. In other words, knowledge of the hardness distribution within a hot-formed component is 
enough to set up the newly developed computational model. The hardness distribution can be easily introduced via an 
experimentally measured hardness curve or via hardness mapping from a corresponding hot-forming simulation. For 
industrial application using rather coarse and computationally inexpensive shell element meshes, the user material model 
has been extended by a necking/post-necking model with reduced mesh-dependency as an additional failure mode. The 
present paper mainly addresses the necking/post-necking model. 
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INTRODUCTION 
Three sets of 22MnB5 sheets (commercial name Usibor® 1500 P) were fully austenitized in a furnace at over 
900 °C and subjected to a carefully controlled cooling process, leading to fully martensitic, bainitic and 
ferritic/pearlitic micro-structures, respectively. In the subsequent sections, the three main grades of the investigated 
22MnB5 material will be referred to as martensite (M) or "cooled tool sheet", bainite (B) or "heated tool sheet", and 
ferrite/pearlite (F) or "open furnace sheet". 
A comprehensive test program on the strain hardening and fracture behavior of the main grades has been 
performed, where the deformation and fracture behavior is generalized by the introduction of hardness-based 
interpolation methods. The model has been integrated into the modular user material model frame work (MMM) 
developed at Volkswagen Group Research [1]. The present paper focusses on the development of the shell element 
extensions. 
Hardness-based necking/post-necking model 
An extended Swift law is introduced for fitting all three main grades using the same analytical function [1]. The 
modified Mohr-Coulomb fracture model (mMC) by Bai and Wierzbicki [2] is used in this work, which is based on 
the classical Mohr-Coulomb (MC) criterion [3, 4]. A review of the fracture model theory and the combined 
experimental/numerical model parameter identification procedure for the three main grades is provided in [1]. In 
FIGURE 1c, the mMC fracture curves for the main grades (thick solid lines) and some interpolated curves are 
shown. 
2D finite elements (shells) cannot represent the 3D stress state beyond necking, since the emerging stress in the 
thickness direction is neglected. Using a refined shell mesh, the equivalent strains in the localized necked region 
increase dramatically due to the missing constraint by stress development in the thickness direction, e.g. [5, 6]. 
Hence, the fracture model introduced in the previous section can only be used for a shell model, when fracture 
occurs under plane stress conditions. In other words, the application of the mMC fracture model to shell elements is 
limited to non-necking load cases, such as surficial cracks under bending or in-plane shear-induced cracks. 
For the sake of computational efficiency, vehicle crash simulation models usually consist of rather coarse shell 
elements of 3-5 mm length. For such a coarse mesh, the element size is larger than the localized necking zone, so 
that in contrast to a refined shell mesh, a coarse shell element mesh exhibits only moderate strain localization. This 
apparent drawback is actually beneficial for the modeling and will be exploited subsequently for the development of 
the post-necking model. 
The widely known model by Marciniak and Kuczynski (MK) [7] for localized necking instability prediction has 
been applied, in order to determine the necking behavior of the three main material grades, FIGURE 1a. A full 
integration of the MK model into simulation codes is the most accurate way to predict the MK necking strains for 
arbitrary loading conditions. However, such an implementation can significantly increase the simulation time. 
Hence, for computational efficiency, the MK concept is applied to determine the necking strains for linear 
monotonic loading paths as a function of the load state using numerical finite element simulations, FIGURE 1b. 
The finite element patch features an initial imperfection (reduced thickness zone) at an arbitrary angle of , 
FIGURE 1b. The initial imperfection is defined by f0 = tB / tA, where tA is the sheet thickness, and tB is the groove 
thickness. The global load state is defined by the ratio of principal plastic strains applied to the patch, 
 
1
2


d
d . (1) 
The simulation model can be evaluated at arbitrary loading states () and groove orientations (). Parameter f0 
has been calibrated for the uniaxial tensile tests ( = -1/2) such that the state of localized necking, indicated by a 
strain bifurcation (plastic strain in zone B >> plastic strain in zone A) is reached at the state of maximum stress 
obtained in the corresponding tensile test. Now, the procedure is repeated for other distinct load states, so that the 
global equivalent plastic strain at necking, pn , is determined numerically in the range -1/2 <   1 (see points in 
FIGURE 1c). In the next step, these virtual necking state points are represented by an empirical necking model in 
the MMM user subroutine which is applied to the central through-thickness integration point of the shell elements. 
FIGURE 1. (a) Original concept for localized necking instability prediction [7]; (b) finite element model of the MK concept; c) 
plane stress curves of the modified Mohr-Coulomb (mMC) fracture model (thick solid lines), generalized necking model curves 
(thick dashed lines) fitted through the virtual necking data points obtained from MK analysis (points), and hardness-based 
interpolation curves for the fracture and necking models (thin lines). 
 
The classical necking models by Hill [8] and Stören-Rice [9] have been found inappropriate to accurately 
represent the necking behavior of the investigated material grades. Hence, the proposed generalized necking model 
is based on an extension of the necking model by Hill [8] for -1 <  < 0 and introduces a pure empirical model for 0 
   1. The equivalent necking strain of the model by Hill reads 
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where n is the hardening exponent of the underlying Swift law. The proposed two-branch generalized necking model 
reads 
c) a) b) 
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In eqn (3), the flexibility of the classical Hill model is enhanced by adding another term, where p can be 
substituted by the equivalent plastic necking strains under uniaxial tension, UT , and plane strain tension, PST , 
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For positive principal strain ratios, an empirical equation is introduced in eqn (3), where BT  is the equivalent 
plastic necking strain at equi-biaxial tension loading and m is a shape parameter. Free parameters UT , PST , BT  
and m have to be determined from experimental data, where in the present study, the proposed necking model 
parameters are identified from the virtual data points obtained from the MK analysis (dashed lines in FIGURE 1c). 
In order to take into account non-proportional loading, an accumulative necking state formalism is introduced via 
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where necking occurs at 1neckD . 
For the post-necking behavior it is assumed that the shell mesh can at least represent moderate strain localization 
beyond necking. That is, considering a tensile test, the strain is assumed to localize in only a few element rows along 
the gage section after initiation of localized necking in the specimen. Since the shell element length is larger than the 
necking region, the post-necking deformation is only taking place in the shell elements of moderate strain 
localization, where the maximum post-necking deformation, postL , is equal to a characteristic post-necking 
deformation length, Lc. The post-necking deformation is calculated by 
  1@   pposteLL neckpost  , (6) 
where L@neck is the element length at the state of necking in the direction of first principal strain. 
p
post  is the 
accumulated equivalent plastic post-necking strain. It will be shown subsequently that due to the length-based 
formulation the post-necking model is quite mesh-independent. 
Generalized hardness-based necking model: Basically, our model implies a 2-phase decomposition of the 
material phases for continuous cooling of the material [1]. Depending on the material hardness, the material contains 
ferrite/pearlite plus bainite phases, or bainite plus martensite phases, where the "pure" phases (ferrite/pearlite, 
bainite, and martensite) represent the three main material grades characterized and modeled in the previous sections. 
The generalized hardness-based necking model is obtained by linear combination of the main grade necking curves: 
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with the bainite phase content 
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where HVF is the hardness of the pure ferrite/pearlite phase (open furnace sheets), HVB is the hardness of the pure 
bainite phase (heated tool sheets), and HVM is the hardness of the pure martensite phase (cooled tool sheets). 
As a demonstration of the hardness-based necking model, the uniaxial tensile tests of the main grades and the 
intermediate grades are simulated using a 0.5mm solid element model and a 5mm shell element model. The 
predicted load-displacement curves of both model approaches are in very good agreement with the experiments, 
FIGURE 2, where the typical "banana-shape" relation of strength and elongation can be well recognized. It is 
interesting to note that due to the mesh-regulating nature of the post-necking model, shell element models using 
different mesh sizes (2mm, 5mm, 10mm) provide a similar load-displacement response, FIGURE 3. 
FIGURE 2. Load-displacement curves of uniaxial tensile tests of the three main grades of 22MnB5 (colored) 
and corresponding simulations with a Vickers hardness (HV) variation (black): (a) 0.5 mm solid element mesh; (b) 5 
mm shell mesh. 
 
FIGURE 3. Engineering stress-strain curves of uniaxial tensile tests of the three main grades and simulations using different 
mesh sizes: (a) 10 mm mesh size; (b) 5 mm mesh size; (c) 2 mm mesh size. 
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